Abstract The mycotoxin ochratoxin A (OTA) is a rodent carcinogen produced by species of the ubiquitous fungal genera Aspergillus and Penicillium. OTA is found in a variety of food items and as a consequence is also found in human plasma (average concentrations found in this study: 0.1±1 ng OTA/ml plasma). To improve the scienti®c basis for cancer risk assessment the toxicokinetic pro®le of OTA was studied in one human volunteer following ingestion of 395 ng 3 H-labeled OTA (3.8 lCi). A two-compartment open model consisting of a central compartment was found to best describe the in vivo data. This two-compartment model consisted of a fast elimination and distribution phase (T 1/2 about 20 h) followed by a slow elimination phase (renal clearance about 0.11 ml/min.) and a calculated plasma half-life of 35.55 days. This half-life was approximately eight times longer than that determined previously in rats. In addition, the intraindividual¯uctuation of OTA plasma levels was investigated in eight individuals over a period of 2 months. The concentrations determined ranged between 0.2 and 0.9 ng OTA/ml plasma. The plasma levels in some individuals remained nearly constant over time, while others varied considerably (e.g. increase of 0.4 ng/ml within 3 days, decrease of 0.3 ng/ml within 5 days) during the observation period. This intraindividual¯uctuation in OTA plasma levels, which may represent dierences in OTA exposure and/or metabolism, as well as the large dierence in plasma half-life in humans compared to rats must be taken into consideration when the results of rat cancer study data are extrapolated to humans for risk assessment purposes.
Introduction
The mycotoxin ochratoxin A (OTA) is produced by ubiquitous Penicillium and Aspergillus species. Food and feed contamination by the toxin is found mainly in countries with a temperate or continental climate. Data regarding the widespread contamination of agricultural commodities and animal products by OTA have been published widely over the past few years. For review and additional data see International Agency for Research on Cancer (IARC) (1993) , Kuiper-Goodman and Scott (1989) and Trucksess et al. (1999) .
The main target organ of OTA toxicity in several animal species is the kidney (Kuiper-Goodman and Scott 1989) . In addition, OTA has been demonstrated to be a highly potent renal carcinogen in rats (Boorman 1989) . IARC has classi®ed ochratoxin A as``possibly carcinogenic to humans '' (IARC 1993) . Ochratoxin in human serum was ®rst looked for in the Balkan area (Hult et al. 1982; Petkova-Bocharova et al. 1988) because it was thought to be a major factor contributing to the induction of Balkan endemic nephropathy (BEN) and urothelial tract tumors (UTT). Indeed, the results of a recent epidemiological study suggest that the occurrence of BEN and UTT are highly correlated and that the occurrence of the diseases coincides with high OTA exposure (Nikolov et al. 1996) . Extensive studies were undertaken and a large number of samples of human blood from this region were analysed. Between 6% and 26% of the samples contained OTA in the range of 1±35 ng OTA/ml blood (Petkova-Bocharova et al. 1988) and 1±40 ng OTA/ml serum (Hult et al. 1982) . In studies carried out in other countries, OTA has been found in most human blood samples (see Table 1 ), when sensitive analytical methods have been used, and OTA levels in areas endemic for BEN and UTT do not appear to be signi®cantly higher than those found in healthy adults elsewhere in the world.
The daily intake of OTA in humans via food can be calculated based on a relatively good database concerning OTA concentration in food items (DFG 1990; RuÈ hl et al. 1992; Studer-Rohr et al. 1995) . However, at present human cancer risk evaluation based on extrapolation from animal data is dicult, as large species dierences are known to exist; for example, plasma halflives determined in various species range from 0.68 h in ®sh to 510 h in monkeys (Hagelberg et al. 1989; Li et al. 1997) . One of the main factors in¯uencing plasma halflife is the capacity of OTA to bind to plasma proteins, which appears to dier among species (Chang and Chu 1977; Galtier et al. 1979; Hagelberg et al. 1989) . Consequently the values for renal clearance may also dier considerably (Hagelberg et al. 1989; Li et al. 1997) .
It was therefore the aim of the present study to determine the kinetic parameters of OTA in a human volunteer as well as to investigate the intraindividual uctuations of human OTA plasma concentrations in order to produce a better base for OTA cancer risk assessment in humans.
Material and methods

Chemicals
OTA, phosphate-buered saline (PBS), pH 7.4, and bovine serum albumin (BSA) were purchased from Sigma (St. Louis Mo.), sodium chloride (p.a. Art. 71380), chloroform (p.a. Art. 25690) and ammonium hydroxide (p.a. Art. 9860) were purchased from Fluka Chemie (9470 Buchs, Switzerland). Acetic acid 100% (p.a. Art. 100063), ethanol (p.a. Art. 100983) and orthophosphoric acid minimum 85% (p.a. Art. 573) were from Merck (Darmstadt, Germany), methanol 205 was from Romil Chemicals (Loughborough, UK) and the immunoanity columns were from Biocode (York, UK).
3 H-labeled OTA was purchased from Moravek Biochemicals (Brea, Calif.). The scintillation cocktails for unoxidized and oxidized samples were Ready Gel and Monophase 40, respectively, and were purchased from Beckman (USA) and Packard.
Methods
Chemical analysis of plasma
The analyses were carried out according to the method of Zimmerli and Dick (1995) . Up to 2 ml of human plasma was mixed with 10 ml 2 M NaCl solution containing 34 ml 85% H 3 PO 4 /l. After the addition of 5 ml chloroform the mixture was shaken for 2 min and then centrifuged at 2500 g for 20 min. The organic phase was transferred into a¯ask and the extraction with chloroform was repeated an additional three times. The combined organic phases were evaporated to dryness. The residue was dissolved in 4´5 ml PBS/15% methanol (v/v). This solution was applied to an immunoanity column (IAC) and pushed through the column using low pressure (1±2 ml/min).
The column was washed with 10 ml distilled water and airdried. The PBS/methanol and the water were discarded. OTA, now bound to the IAC was then eluted from the column with 3 ml 100% methanol. The OTA containing methanol was evaporated in a waterbath (40°C) under a nitrogen stream. The residue was taken up in 50±100 ll of methanol and analysed by HPLC (for HPLC conditions see Table 2 ).
Radiochemical purity of
3
H-OTA
The radiochemical purity of the labeled OTA was tested by HPLC and by IAC/HPLC analyses. Uniformly labeled 3 H-OTA (25 nCi, about 2.5 ng, speci®c activity 3.9 Ci/mmol) spiked with 13.4 ng unlabeled OTA was injected into the HPLC system. The HPLC eluate was collected at 1-min intervals and the amount of radioactivity of each sample was determined in a liquid scintillation counter (LS 6000 LL Beckman, USA). The unlabeled and labeled OTA were detected by¯uorescence and quanti®ed by peak area integration. The HPLC fraction with the highest amount of radioactivity was again injected into the HPLC system and the same steps as in the ®rst HPLC run were repeated to detect loss of 3 H label.
Further testing for radiochemical purity was carried out using an OTA IAC. Labeled OTA (25 nCi) spiked with 50 ng unlabeled OTA was mixed with 20 ml PBS/15% methanol (v/v) and the solution was poured onto the column. The IAC was then rinsed with 10 ml distilled water and the OTA was eluted with 3 ml methanol. The PBS/methanol and water fractions were collected in 5-ml samples and the amount of radioactivity was determined by scintillation counting. The amount of radioactivity in the eluate was 
Radiochemical stability of 3 H-OTA
Uniformly labeled OTA (2.5 nCi) spiked with 3.4 lg unlabeled OTA was mixed either with 2.5 ml PBS, pH 7.4, or with 2.5 ml PBS, pH 7.4, with 0.1% BSA. These solutions were kept for 1, 4, 7 and 21 days at 37°C. At the end of the respective incubation periods the solutions were acidi®ed with 10 ll concentrated HCl, and OTA was extracted twice with 1 ml chloroform. The solutions were then centrifuged for 20 min at 2000 g to separate the phases. Aliquots of the chloroform phase (100 ll) and of the aqueous phase (1 ml) were taken out and the amount of radioactivity was determined in a liquid scintillation counter. The percentage of radioactivity found in the aqueous phase was calculated from the ratio of radioactivity found in the PBS and chloroform phases. The concentration of unlabeled OTA was not analysed.
Experimental design of human studies
All of the experiments with human subjects were communicated to the Swiss Federal Oce of Public Health, Department Radiation Safety, for approval, and were carried out in compliance with the ethical standards of the Declaration of Helsinki.
Determination of kinetic parameters
3 H-labeled OTA (3.8 lCi) was dissolved in pure ethanol (corresponding to 395 ng OTA) and ingested by a male volunteer (age 57 years, weight 62 kg, height 163 cm). Blood samples (9±18 ml) were taken at 8, 13, 24, 36 and 58 h and at 3, 4, 6, 9, 13, 20, 33, 54 and 75 days after ingestion. Complete daily urine samples were collected for the ®rst 4 days. Thereafter, urine samples were collected on days when blood samples were taken (see above), with the exception of day 13. The blood was centrifuged, plasma was separated and the plasma and the blood corpuscles (erythrocytes etc.) stored at )20°C until analysis. After determining the volume of the urine, it was also stored at )20°C until analysis. Aliquots of each plasma and urine sample (0.2±1 ml and 1±2 ml, respectively) were counted in a liquid scintillation counter. Eight plasma samples (0.2±2.0 ml) and four urine samples (2 ml) were analysed using the IAC/HPLC method as described previously. In addition to the latter protocol, all samples were spiked with unlabeled OTA. After the extraction of the plasma with chloroform, 2.5 ml of the aqueous phase was taken for analysis of radioactivity. All fractions from the IAC including the PBS/ methanol and water fractions were collected for analysis of radioactivity. From the IAC methanol eluate (total 3 ml), 1 ml was taken directly for liquid scintillation counting. The other 2 ml was evaporated to dryness, dissolved in 100 ll methanol and 50 ll was injected into the HPLC system. The HPLC eluate was collected in 2-min fractions and the radioactivity was determined by liquid scintillation counting. The recovery of unlabeled OTA was calculated by integrating the peak area of the HPLC analysis.
The amount of radioactivity in the blood corpuscles was determined by liquid scintillation counting with previous oxidation (Packard Oxidizer 306) of 200±500 ll of each sample.
Intraindividual¯uctuation of OTA plasma levels
The OTA levels in the plasma from eight volunteers (four females and four males, age 26 to 57 years) were determined over a period of 8 weeks. In the ®rst week blood samples were taken every second day, and thereafter at weekly intervals. Blood samples were centrifuged, and plasma and erythrocytes separated and stored at )20°C until analysis. Generally, sample extracts were analysed twice for each time-point. For one volunteer (male no. 3, the results from whom showed the greatest¯uctuations) double sample analyses were carried out.
Calculations
The plasma elimination half-life of OTA was approximated by describing the experimental data with an exponential expression representing the kinetics typical of a two-compartment model consisting of a central compartment (Klaassen 1986): yt Ae
Àat Be Àbt where y(t) is the plasma concentration at time t (Fig. 1 ), A and B are the concentration axis intercepts in the semilogarithmic plot of the plasma concentration/time curve of the residual line and the extrapolated curve of the b phase ( Fig. 1 , inset) while a and b are the elimination constants of the a and b phase, respectively. The residual line resulted from the dierences between the measured concentrations during the a phase and the corresponding extrapolated concentrations of the b phase. The corresponding half-lives were calculated from (Klaassen 1986) :
The elimination rate constant, k el (including the rate constant between the two compartments and the excretion), is described by the following equation (Klaassen 1986 ): The renal clearance of radioactivity can be calculated from the following expression (Klaassen 1986 ):
where Cl is the clearance of the radioactivity, U the concentration of radioactivity in the urine, P the concentration of radioactivity in the plasma and V the volume of urine per time. However, this calculation of clearance could be employed only if the following conditions were met: (a) there was a reliable and stable estimate of the plasma concentration of OTA, (b) the extent of OTA protein binding was known, and (c) the urinary concentration of the parent OTA was known. The present experimental set-up and the data derived thereof did not meet these conditions and consequently prohibited the use of the above equation. Renal clearance was therefore approximated by plotting the urinary excretion rate (DU/ Dt) over a time period (DT) versus the mid-plasma concentrations of OTA (Fig. 2) . The slope of the linear regression through these data points equals the approximate average renal clearance.
Results
Analytical methods
The detection limit of OTA in plasma using the IAC/ HPLC method was 0.05 ng/ml (S/N 3). The recovery of plasma OTA from the IAC was ³80%. The IACs were regenerated with 20 ml PBS and were used repeatedly up to ten times without a signi®cant decrease in OTA retention. Reproducibility within and between the IACs was good, as indicated by a maximal standard deviation of 10% of the arithmetic mean of double analyses (range of OTA levels measured 0.1±1.0 ng/ml). Repetitive HPLC analyses demonstrated high reproducibility of OTA determinations: the maximal standard deviation between double analyses did not exceed 10% of the respective arithmetic mean.
Radiochemical purity and stability of 3 H-OTA
No chromatographic dierences were observed in the HPLC determinations between unlabeled and labeled OTA. The ratio of unlabeled to labeled OTA remained approximately constant in all extraction, elution and analysis steps of the IAC/HPLC method. Triple primary puri®cation with IAC showed the presence of a maximal 2% of tritiated water. This tritiated water was not detectable in subsequent IAC elutions of the primary IAC eluate. It was therefore concluded that with the methods available the radiochemical purity of the labeled OTA used was greater than 98%. The labeled OTA was therefore considered of sucient radiochemical purity to be employed for the kinetic study in the human volunteer without the necessity for additional puri®cation steps (for further experimental details see Studer-Rohr, 1995) . ; a )0.8261; B 550.32 pCi á ml )1 á day
Incubation of labeled OTA in PBS for 21 days at 37°C and pH 7.4 resulted in a slight but signi®cant increase in tritiated water from originally 1% on day 1 to a maximum of 3% on day 21. The addition of BSA to PBS resulted in a stabilization of OTA, i.e. no signi®cant increase in tritiated water was observed between day 1 (1.6%) and 21 (2.0%). This observation may be explained by a stabilizing eect of proteins on the OTA molecule, which otherwise degrades in alkaline medium and in the presence of water (T.J. Jansen, Vicam, USA; R. Dick, Swiss Federal Oce of Public Health, Switzerland; personal communications). OTA has also been demonstrated to bind to human plasma proteins (Hagelberg et al. 1989) . It was therefore assumed that human plasma proteins would stabilize the radiolabeled OTA in a comparable fashion as determined with BSA in vitro. Accordingly, the radiochemical stability of the labeled OTA was found to be sucient for in vivo experimentation.
Determination of kinetic parameters
The change in radioactivity in the plasma after ingestion of 3.8 lCi radiolabeled OTA (395 ng OTA) is shown in Fig. 1 (and Fig. 1, inset) . Assuming a plasma volume of 2.8 l, the plasma concentrations found 8 h after ingestion would represent 84.5% (3.21 lCi) of the total administered dose. A fast decrease in the mean plasma concentrations was observed during the ®rst 6 days, representing a change from 84.5% (3.21 lCi) to 36.3% (1.38 lCi) of the total administered dose. In contrast, only a very slow decrease in plasma radioactivity occurred thereafter.
Based on these observations, a two-compartment model consisting of a central compartment was postulated. The plasma half-life of 3 H-OTA was calculated to be approximately 20.13 h during the ®rst 6 days (a phase, Fig. 1 inset) . The plasma half-life of 3 H-OTA during the b phase (from day 6 onwards) was calculated to be 35.55 days.
To determine whether or not the measured radioactivity in the plasma consisted of unchanged OTA and/or radiolabeled metabolites, plasma samples obtained on days 1 (13 h), 3 (84 h), 6, 9, 20, 33, 54 and 75 were analysed by IAC/HPLC. In comparison with the fraction distributions obtained with aqueous standards (OTA purity experiments), no signi®cantly elevated radioactivity levels were found in the aqueous phase following chloroform extraction of the plasma samples. Nor could unexpectedly elevated radioactivity levels be demonstrated in the PBS/methanol and water fraction after passing through the IAC. Subsequent HPLC analyses of the respective fractions did not demonstrate any other peaks than the OTA peak, suggesting that OTA metabolites in the plasma were either absent or at undetectable levels. Despite some¯uctuations of the resulting concentrations, the levels, that is the curve form of radioactivity determined in the blood corpuscles (after oxidation, recovery from the oxidizer ³95%), were comparable to those obtained with plasma (data not shown). If peak values (most likely outliers) were not taken into account the radioactivity determined in blood corpuscles ranged between 4% and 10% of the radioactivity found in the respective plasma samples.
The excretion rate of radioactivity in the urine is shown in Fig. 3 . During the ®rst 6 days of the experiment, 0.77 lCi (approximately 20% of the original initial dose) was excreted in the urine. In the following days (days 6±75) 1.61 lCi was excreted via the urine, accounting at the end of the experimental period for more than 2.37 lCi or 62.4% of the original dose administered. The approximate cumulative excretion rate over the whole experimental period was calculated using the area under the urine excretion rate vs time curve (AUC). The approximation was based on the formula:
where er is the 3 H urine excretion rate (pCi/min). Comparison with the cumulative excretion calculated via multiplication of the radioactivity in the urine (pCi/ ml) and the volumes obtained within the ®rst 3.5 days was considered necessary to determine the quality of the AUC approximation. Indeed, within the ®rst 3.5 days close to 100% of the urine was collected, thus allowing for a close determination of the total amount of radioactivity excreted over this period of time. Comparison of the approximate excretion determined via the AUC with the actual excretion (Fig. 3, inset) demonstrated that estimation of the excretion of radioactivity via the AUC provided an excellent approximation of the actual data.
Comparison of the 3 H excretion rate in the urine with the mid-plasma levels of 3 H-OTA (Fig. 2 ) allowed an approximation of the renal clearance of radioactivity. Indeed, the slope of the linear regression equaled the average renal clearance of radioactivity, i.e. Cl 0.1099 ml á min )1 . This clearance was very near the clearance theoretically calculated using the equation for OTA whole body clearance, i.e. Cl V D´b , where V D is the volume of distribution (6.905 l) and b (0.0195 day )1 ) is the rate constant of the b phase (Fig. 1) . Using this equation, the whole body clearance for radioactive OTA and metabolites/conjugates was . Single values were approximated using the calculation of the area under the urine excretion rate vs time curve as described in the text. Inset Cumulative 3 H excretion (lCi) in the urine calculated for the ®rst 3.5 days of the experiment (m). Single values were approximated using the calculation of the area under the urine excretion rate vs time curve (AUC) as described in the text. The cumulative 3 H excretion (lCi) in the urine calculated for the ®rst 3.5 days of the experiment via summation of individual excretion segments is also shown (I). These values were calculated using the following data: time segment (t n ) t n+1 ); total volume (ml) of urine collected´urine determined (pCi/ml) 0.0935 ml á min )1 , a very close match with the clearance obtained via linear regression (Fig. 2) .
Four urine samples were analysed via IAC and HPLC for the presence of parent compound and metabolites. However, in contrast to plasma samples in which most of the radioactivity was found in the methanol fraction, the urine samples were dicult to analyse with IACs because a predominant proportion of the radioactivity was found in the PBS/methanol fraction. In addition, the recovery of unlabeled OTA in the methanol fraction was low. Therefore, whether the radioactivity found in the PBS/methanol fraction consisted of parent OTA and/or metabolites was determined. It was shown by HPLC analysis that most of radioactivity found in the PBS/methanol fraction had the same retention time as the parent OTA, indicating that the observed radioactivity consisted of unchanged OTA and that the IAC column was not functioning properly for urine sample analysis. The amount of unchanged OTA in the urine was, therefore, determined without the use of the IAC. The residue of the chloroform phase was directly taken up in 200 ll methanol and 50 ll was injected into the HPLC system.
The results of two extractions of each urine sample and the HPLC fractions are shown in Table 3 . The fraction distribution obtained for radiolabeled OTA in the urine samples was clearly dierent from the one obtained with the plasma samples. Indeed, between 33% and 38% of the radioactivity was found in the aqueous phase of the urine samples, whereas <5.0% activity was found in the aqueous phase of the corresponding plasma samples. To test whether the radioactivity in the aqueous phase of the urine samples was tritiated water and/or OTA metabolite(s), 2 ml of two samples were lyophilized and the radioactivity of the residue as well as of the collected water was determined. The radioactivity found in the residue was 93% and 87%, respectively, whereas the amount of radioactivity in the water was only 2.2% and <4.5%, indicating that the largest proportion of radioactivity was associated with potential OTA metabolite(s) and/or conjugate(s), while little of the activity in the residue was tritiated water. Unfortunately, no enzymatic digestion of the water-soluble fraction with glucuronidase and/or sulphatase was carried out, thus prohibiting determination of whether the water-soluble fraction contained OTA conjugated to glucuronides or sulphates as suggested previously by Castegnaro et al. (1991) and Kane et al. (1986) or true OTA metabolites (phase I reaction products).
HPLC analyses of the urine chloroform extract revealed that between 42% and 54% of the radioactivity coeluted with the OTA standard (retention time 4±6 min, Table 3 ). An additional activity peak was detected at a retention time of 2±4 min representing between 14% and 20% of the total activity in the urine, possibly indicating the presence of OTA metabolite(s) and/or conjugate(s) of either smaller size or higher polarity than the parent compound. This stands in contrast to the situation in plasma where at the corresponding retention time the activity was <5.0%.
The fraction distribution in the urine described above remained relatively constant over the 9-day period in which urine analysis was possible, indicating that no change in renal handling of OTA in terms of a predominance of a given metabolite or conjugate was detectable throughout the observation period.
Intraindividual¯uctuation of OTA plasma levels
The results from samples from all eight volunteers are shown in Fig. 4a, b . The levels determined ranged between 0.20 and 0.88 ng/ml. Overall, no signi®cant differences between males and females were observed. The time-course of OTA in plasma showed an individual pattern in each volunteer. Female 4 and male 1 showed rather constant plasma levels, while in the other volunteers high plasma OTA variability was found.
A second peak was observed in the HPLC chromatograms primarily of female 1, but also of females 3 and 4, and of males 2, 3 and 4. This peak was identi®ed by cochromatography as a diastereomer of OTA which has already been reported to be present in roasted coee . The amount of this diastereomer in the plasma ranged between 10% and 20% of the measured concentration of OTA. For the ®nal OTA plasma level, calculation the diastereomer concentration was added to the OTA determined.
Discussion
Of the total administered radioactivity (radiolabeled OTA), 93% was found in the plasma and erythrocytes within 8 h of ingestion. This suggests that the administration of OTA dissolved in ethanol on an empty stomach resulted in a high bioavailability of OTA. The bioavailability of OTA would be expected to be much lower when it is ingested as a food contaminant. Indeed, considerable species dierences in the bioavailability and gastrointestinal absorption of orally administered OTA have been reported by Hagelberg et al. (1989) , who found, in comparison with OTA administered i.v. dissolved in 51 mM NaHCO 3 , only 97%, 44% and 57% of orally administered OTA in the blood of mice, rats and monkeys, respectively. The distribution of radioactivity between blood corpuscles and plasma in the study presented here demonstrated that over 90% of the OTA in the blood was in the plasma and approximately 4±10% in the erythrocytes. Generally the detection of OTA via IAC/HPLC in plasma samples, as presented in this study, is a relatively simple, reliable and very sensitive method. However, when OTA body burdens or excretion data are required using urine samples, the IAC method is unreliable as OTA recoveries from urine samples varied widely and unsystematically. It may well be that some as-yetunidenti®ed components of urine block the antibodies of the column and reduce OTA retention within the column. It is therefore advised that biological samples of varying compositions to be analysed for OTA via IAC should ®rst be tested for the applicability of IAC with spiked samples.
The results of the kinetic experiment (Fig. 1) indicated that the elimination of OTA from the blood was best described by a two-compartment model consisting of a central compartment. In the a or distribution phase, which lasted about 6 days, the radioactivity ( 3 H-OTA) in the plasma decreased rapidly by 1.83 lCi, whereas in the same time period only 0.77 lCi (radioactivity of 3 H representing either parent 3 H-OTA, 3 H-OTA-conjugates or 3 H-OTA-metabolites, but only negligible amounts of 3 H 2 O) were excreted via urine. These ®gures appear to demonstrate that during the ®rst 6 days OTA is mainly distributed within the body and only a minor fraction is excreted. During the following 69 days of the b or elimination phase, the level of plasma radioactivity decreased further by 0.97 lCi, while within the same time period 1.61 lCi was excreted via the urine. Comparison with the data points and slope of the linear regression obtained by plotting the urinary excretion rate (DU/Dt) over a time period (DT) versus the mid-plasma concentrations of OTA (Fig. 2) , concurred with the theoretical whole-body clearance rate of 0.0935 ml á min )1 calculated. This plot and the calculations of the renal clearance (slope of the regression curve) also demonstrate higher and lower than expected clearance rates for high and low OTA plasma concentrations, respectively, which could be interpreted as representing a ®ltration-mediated reabsorption process with low capacity. At high OTA plasma concentrations the reabsorption is saturated leading to excretion rates greater than anticipated (points above the linear regression, Fig. 2 ), while at low OTA plasma concentrations reabsorption causes the excretion rate to be less than anticipated (points above the linear regression, Fig. 2 ). OTA reabsorption in the kidney was also suggested by the fact that the overall clearance for OTA was much lower than clearance of freely ®lterable nonreabsorbable inulin (Hagelberg et al. 1989 ).
The elimination half-life (b phase) of OTA was calculated to be 35.5 days. This is in line with the elimination half-lives of OTA in monkeys of 21.3 or 35 days after oral and i.v. administration, respectively (Hagelberg et al. 1989) . The long elimination half-lives stand in contrast to the considerably shorter half-lives of OTA of 40 h in mice (Fukui et al. 1987; Hagelberg et al. 1989 ), 55±120 h in rats, (Ballinger et al. 1986; Galtier et al. 1979; Hagelberg et al. 1989 ) and 72±120 h in pigs (Galtier et al. 1981; Mortensen et al. 1983) . Species dierences in OTA uptake from the gastrointestinal tract, distribution (speci®c plasma proteins and thus binding capacities of OTA) and metabolism may be the physiological factors limiting OTA elimination (Fuchs 1988; Hagelberg et al. 1989) . Therefore, species dierences in terminal half-lives of OTA would be expected. Indeed, using allometric relationships between mice, rats and humans, the ratios being 1:2.1:14.1, based on body weight, volume and surface area, a more rapid uptake, metabolism and elimination of OTA would be expected (Van Straalen 1996) . Based on these allometric relationships and using the mouse as the standard, terminal half-lives of OTA of 40 h, 84 h and 564 h (23.5 days) for mice, rats and humans, respectively, would be suggested. The latter values are indeed not very far from those determined experimentally in this and previous studies. However, the half-life comparison as well as the detailed investigation of the kinetic parameters, e.g. clearance rates, also indicate that there are additional factors other than body size and volume etc. (e.g. OTA protein binding to species-speci®c proteins, OTA reabsorption in the kidney) that govern the elimination of OTA.
In the plasma, most of the radioactivity (>80%) was identi®ed as unchanged OTA, whereas in the urine only between 42% and 54% of the radioactivity was recognized as unchanged OTA. Around 33% of the radioactivity was found in the aqueous phase after extraction and around 14±20% in the HPLC fraction before the OTA was eluted (2±4 min). In the four urine samples analysed (on days 1, 2, 6 and 9) these values remained relatively constant. Urine samples from later time-points could not be analysed by HPLC as the amount of radioactivity was too low. Although these metabolites and/or conjugates were not further identi®ed, it was shown by lyophilization that the radioactivity found in the aqueous phase was not tritiated water.
The fact that at best only small concentrations of metabolites and/or conjugates were detected in the plasma while about 50% of the radioactivity in the urine was not parent OTA but rather OTA metabolites and/or OTA conjugates, suggests that OTA metabolism and/or conjugation may play a signi®cant role in the mechanisms underlying the aetiology of BEN and UTT in humans. Indeed, previous studies have demonstrated the importance of the conversion of OTA in the kidney by the action of cytochrome P-450 enzymes to 4-hydroxy-OTA in rats and the resistance/susceptibility to renal tumors (Castegnaro et al. 1998; IARC 1993; Stein et al. 1985) . Poor metabolizing rat strains (e.g. Dark-Agouti females not metabolizing OTA to 4-hydroxy-OTA) appear resistant to OTA-induced renal tumors, whereas extensive and/or moderate metabolizers appear more susceptible to tumor induction (Castegnaro et al. 1998) , thus indicating that the metabolism of OTA to 4-hydroxy-OTA may play a critical role in OTA-induced renal carcinogenesis, at least in rats. In contrast, comparison of the half-lives of OTA and OTA conjugates and metabolites in rats clearly demonstrated that the parent compound OTA had the longest half-life, while all other structural variants and metabolites/conjugates were excreted three to four times faster (Ballinger et al. 1986; Galtier et al. 1979; Hagelberg et al. 1989) .
Furthermore, it has been shown in numerous studies, in vitro and in vivo, that indeed little toxicity can be attributed to OTA metabolites or conjugates, while all the toxicity resides with the parent compound (OTA). In consequence, one would expect that fast metabolism in rats leads to an ecient and rapid elimination of OTA and thus to a lower acute and chronic toxicity or tumorigenicity. The discrepancies between the study presented by Castegnaro et al. (1998) and toxicity and kinetic studies in other strains of rats, demonstrate the diculties in extrapolating from the rodent model to humans. Unfortunately, there are no kinetic data on OTA handling in Dark-Agouti and Lewis rats, which would allow a comparison with other rat strains, and thus could explain the low susceptibility of female Lewis rats to OTA-induced tumors despite their extensive metabolizer status for OTA.
Based on the experimentally determined half-life and the estimated body burden of OTA, the daily intake under steady-state conditions can be calculated from the equation intake (k el´b ody burden)/f (Klaassen 1986) , where k el is the elimination constant (0.0461) and f is the fraction absorbed. The body burden in humans has been estimated based on the assumption that the same organ distribution of OTA exists in humans as in pigs, and the following relative OTA organ concentrations, expressed as percent of the serum concentration, were found (KuÈ hn 1993): 7.3% in kidney, 6.9% in liver, 4.7% in fat and 3.8% in muscle. Assuming an average plasma level of 0.4 ng/ml in humans, a central compartment volume of 3000 ml and an approximate blood corpuscle OTA concentration of 10% of the plasma concentration, an approximate body burden can be derived. The total plasma OTA would be 1200 ng OTA. The body burden would be 137% of the plasma OTA burden, i.e. 1200 ng OTA´1.37 (7.3% in kidney, 6.9% in liver, 4.7% in fat and 3.8% in muscle, 10% in blood corpuscles) resulting in an approximate body burden of 1.644 lg OTA.
Thus, the calculated daily intake is 95 ng/person or 1.53 ng/kg body weight (f approximately 80%, based on the human volunteer in this study with a body weight of 62 kg), which is very well in line with the daily intake calculated from food consumption data and the respective concentrations found in food items (80±160 ng) (DFG 1990; Studer-Rohr et al. 1995) . However, considering the potential dierences between pigs and humans with regard also to OTA plasma protein binding it may well be that the organ distribution is substantially dierent between these species. This would suggest that the body burden could be higher, but also lower, than calculated above and therefore body burden and OTA intake calculations should be approached cautiously when extrapolating from animal data.
The OTA half-life determined in a human volunteer in this study was 6±13-fold longer than the half-lives reported in rats. A tenfold higher plasma level in humans than in rats, resulting from the same oral intake levels per kilogram body weight, would therefore be expected. This has been experimentally con®rmed by RaÂ sonyi (1996) and should taken into account in future human risk assessments. The long half-life of OTA in humans, as suggested by this study with a single volunteer, must be especially taken into consideration when cancer risk extrapolations are being carried out based on the rat cancer bioassay (Boorman 1989) . Furthermore, when considering the large sex dierences in renal tumor incidence between male and female rats in the rat cancer bioassays (Boorman 1989; Castegnaro et al. 1998) , the question arises as to whether or not sex dierences pertaining to OTA plasma levels, OTA kinetics and cancer susceptibility may also prevail in humans.
Current epidemiological data from the endemic BEN region in eastern Europe do not indicate a higher susceptibility of males or females to either BEN or UTT (Radovanovic 1991; Sostaric and Vukelic 1991) . However, whether or not the right parameters were assessed to detect such dierences remains an open question. Indeed, the OTA plasma levels of four male and four female volunteers investigated in the study presented here are in line with previous data reported by BAG (1994) , Breitholz-Emanuelsson et al. (1993 , and Palli et al. (1999) (Table 1 ). The high variability of OTA plasma levels found in some of the volunteers during the 8-week observation period (Fig. 4a, b) indicates that for the determination of representative individual OTA plasma levels, a single analysis is not sucient. Peak OTA plasma concentrations re¯ecting a phase kinetics may be induced shortly after the consumption of food items containing high levels of OTA. Although the volunteers in the present study did not record their nutritional habits, male 3 reported the consumption of dried fruits which might explain the steep increase in OTA plasma levels between day 4 and day 7, as dried fruits are known to contain high concentrations of OTA (Baumann and Zimmerli 1988; Steiner et al. 1993; Zohri and Abdel-Gawad 1993) . Relatively steep drops in OTA plasma levels as shown by males 2, 3 and 4 and by females 3 and 4 may be explained by the a phase distribution of OTA into the organs after above average ingestion of OTA. On the other hand, intraindividual variability in OTA kinetics may have prevailed resulting from nutritionally or hormonally derived changes in speci®c OTA binding plasma protein species and respective protein concentrations.
The existence of a diastereomer of OTA was detected during the preparation of pure OTA after heating by RaÂ sonyi (1996) and subsequently this diastereomer has also been found in roasted but not in green coee beans . The detection of the OTA diastereomer in human plasma is described here for the ®rst time. The subject with the highest levels of diastereomer (female 1) was a strong coee consumer. As the diastereomer was detected not only in the plasma of volunteers who did drink coee, dietary sources other than coee must be present.
In summary, a very long half-life of OTA was determined in a human volunteer. In view of the current knowledge on the presence of OTA in the human diet, the toxicity and carcinogenicity of OTA and the data presented here, caution is advised when risk assessments are carried out based only on animal bioassay data.
